Multiple system atrophy (MSA), the most common of the atypical parkinsonian disorders, is characterized by the presence of an abnormal spatial covariance pattern in resting state metabolic brain images from patients with this disease. Nonetheless, the potential utility of this pattern as a MSA biomarker is contingent upon its specificity for this disorder and its relationship to clinical disability in individual patients.
found to discriminate patients with MSA from clinically similar individuals with PD, as well as other parkinsonian syndromes. 2, 3 In the current study, we assessed the MSARP as a potential disease-specific imaging biomarker by quantifying its expression in FDG-PET scans from a large prospective patient cohort. The specificity of this metabolic network for MSA was evaluated by computing MSARP expression, as well as the expression of the previously validated PD-related spatial covariance pattern (PDRP) in each member of the MSA cohort and in a prospective group of patients with PD of similar age and clinical severity. 4 Additionally, network values computed in both patient groups were correlated with independent motor disability ratings obtained concurrently in the same individuals at the time of imaging. METHODS Subjects. We identified 41 patients with a clinical diagnosis of MSA who were referred for FDG-PET as part of a larger study of metabolic pattern analysis for the differential diagnosis of parkinsonian movement disorders. 3 Of these, 33 patients (15 men, 18 women; age 60.6 Ϯ 8.4 years; off-state Unified Parkinson's Disease Rating Scale [UPDRS] motor scores 34.2 Ϯ 13.8) were selected based upon the following inclusion criteria: 1) the treating movement disorders specialist established a diagnosis of MSA based on best clinical diagnosis after at least 6 months of follow-up; 2) the diagnosis of MSA was confirmed by a second movement disorders specialist (K.L.P.) on chart review using published criteria 5 ; 3) UPDRS motor ratings were obtained in a practically defined "off-state" within 1 month of imaging; and (4) there was no evidence of structural brain abnormalities (i.e., mass lesions, white matter changes, ischemia) on routine MRI to explain the clinical findings.
The patients were classified as having either the parkinsonian (MSA-P) or cerebellar (MSA-C) disease subtype based upon the predominant clinical feature that was evident at the time of initial movement disorders evaluation. 6 Of the patients enrolled in this study, 26 were classified as MSA-P and 7 as MSA-C. Two of the participants underwent repeat metabolic imaging: one patient (patient 1) was scanned at baseline and again 4 and 7 years later; the other (patient 2) was scanned at baseline and 7 years. In 3 patients, the clinical diagnosis of MSA was confirmed on postmortem assessment by an experienced neuropathologist using established histologic criteria. 7 Scan data from the MSA group were compared with those from 20 age-and severity-matched patients with PD (10 men, 10 women; age 60.1 Ϯ 8.7 years; off-state UPDRS motor scores 33.1 Ϯ 13.1). In these subjects, the diagnosis of idiopathic PD was made according to published criteria. 8 Scans from 15 healthy volunteer subjects (8 men, 7 women; age 58.8 Ϯ 6.4 years) were used as controls in comparisons of the imaging data from the MSA and PD groups.
PET. PET imaging with FDG was performed in 3-dimensional mode using a GE Advance tomograph (General Electric; Milwaukee, WI) at North Shore University Hospital, as described in detail elsewhere. 9, 10 The subjects fasted overnight and antiparkinsonian medication was withheld for at least 12 hours before the start of the imaging session. Images of relative cerebral glucose utilization were acquired in a single 10-minute frame, beginning 35 minutes after the IV injection of a 5 mCi dose of radiotracer. An isotropic spatial smoothing kernel (10 mm full width at half maximum) was applied to the images, which were standardized according to the Montreal Neurological Institute (MNI) template. Image processing was performed using Statistical Parametric Mapping (SPM) software (Wellcome Department of Cognitive Neurology, London, UK) running in MATLAB (Mathworks, Natick, MA).
Data analysis.
We quantified the expression of the MSARP and PDRP metabolic networks (figure 1, A and B) in each of the MSA, PD, and control scans using an automated voxel-based algorithm (software available at http://www.fil.ion.ucl.ac.uk/ spm/ext/#SSM) as described elsewhere. 3, 4, 11 These spatial covariance patterns represent disease-related biological signals that can be detected and quantified in metabolic brain images. The expression of a given disease pattern (i.e., the "subject score" for the pattern) can be computed prospectively from an individual's brain scan. The resulting value represents the magnitude of network activity expressed in the metabolic image of that particular subject. All network computations were performed blind to subject, disease group, and clinical disability ratings. MSARP and PDRP subject scores were z transformed with respect to the corresponding healthy control values such that network activity in the normal group had a mean value of zero and a SD of 1.
In addition to comparing PDRP and MSARP expression across the 3 groups, we measured regional metabolic activity in the lentiform nucleus and cerebellum of each subject using an automated region of interest (ROI) template as described previously. 12 These particular regions were selected because of prior data demonstrating consistent reductions in local glucose utilization in these brain regions in metabolic scans from patients with MSA. [13] [14] [15] For each region, glucose metabolism was averaged across hemispheres. To reduce intersubject variability, both regional measures were normalized by the global metabolic rate.
Group differences in whole-brain pattern expression and in lentiform and cerebellar regional metabolic activity were assessed using analysis of variance with post hoc Bonferroni tests. Dichotomous variables (e.g., gender) were evaluated using the 2 statistic. Multiple regression analysis was used to examine relationships between the network-and region-level metabolic measures (MSARP/PDRP scores; lentiform/cerebellar glucose metabolism) and clinical severity (UPDRS motor ratings). Statistical analyses were implemented in SPSS 17.0 for Windows (SPSS, Chicago, IL). Group differences were considered significant for p Ͻ 0.05.
Standard protocol approvals, registrations, and patient consents.
Ethical permission to conduct this retrospective analysis was obtained from the Institutional Review Board of the North Shore-Long Island Jewish Health System.
RESULTS Group differences. Clinical measures.
Clinical data from all patients are summarized in table 1. The MSA and PD groups did not differ with respect to age (p ϭ 0.78) or to off-state UPDRS motor ratings (p ϭ 0.97). The patients with MSA were found to have shorter symptom duration than their PD counterparts, with a similar level of motor disability (p ϭ 0.001). 16, 17 The proportion of male to female participants did not differ across groups ( p ϭ 0.87, 2 test). When MSA-P, MSA-C, and PD were considered as discrete clinical categories, no group differences were observed in subject age at the time of imaging (MSA-P: 61.5 Ϯ 8.9 years, mean Ϯ SD; MSA-C: 57.5 Ϯ 5.7; PD: 60.1 Ϯ 8.7, p ϭ 0.15). Nonetheless, disease duration was shorter in the MSA-C group (MSA-P: 4.2 Ϯ 2.6 years, mean Ϯ SD; MSA-C: 2.9 Ϯ 1.5, p ϭ 0.04), and a trend was noted toward relatively lower (less severe) motor ratings in the MSA-C group (MSA-P: 36.8 Ϯ 14.1, mean Ϯ SD; MSA-C: 23.5 Ϯ 7.3, p ϭ 0.07).
Network activity. MSARP subject scores (figure 2A) differed for the 3 groups (F 2,65 ϭ 68.48, p Ͻ 0.001), with higher pattern expression in the MSA group compared to the PD and normal control groups (p Ͻ 0.001, post hoc Bonferroni tests). MSARP values computed in the patients with PD did not differ from the corresponding measures determined in the healthy control subjects (p ϭ 1.0). When the MSA cohort was separated into discrete MSA-P and MSA-C subgroups, MSARP scores were likewise found to differ from PD and normal controls (F 2,50 ϭ 53.19, p Ͻ 0.001). Pattern expression was elevated in both MSA-P and MSA-C when each subgroup was separately compared to PD and healthy control subjects (p Ͻ 0.001, post hoc Bonferroni tests). MSARP expression was marginally elevated in MSA-P relative to MSA-C (p ϭ 0.08).
PDRP scores (figure 2B) also differed across the 3 groups (F 2,65 ϭ 57.81, p Ͻ 0.001), with higher expression in patients with PD compared to patients with MSA ( p Ͻ 0.001) and healthy control subjects ( p Ͻ 0.001). PDRP scores did not differ for the MSA and healthy control groups ( p ϭ 0.34). Moreover, PDRP values did not differ across the MSA subgroups ( p ϭ 1.0).
Regional metabolism. At a regional level, metabolic activity in the lentiform nucleus and cerebellum were also found to differ across groups (lentiform: F 2,65 ϭ 28.5, p Ͻ 0.001; cerebellum: F 2,65 ϭ 5.44, p ϭ 0.007, see table e-1 on the Neurology ® Web site at www.neurology.org). Regional metabolic activity in the lentiform nucleus was lower in MSA relative to PD and healthy control subjects ( p Ͻ 0.001, post hoc Bonferroni tests). In the cerebellum, metabolic activity was lower in patients with MSA relative to patients with PD ( p ϭ 0.01), but was only marginally reduced with respect to healthy controls ( p ϭ 0.09). In both regions, metabolic activity did not differ between patients with PD and healthy control subjects ( p ϭ 1.0). A marginal reduction in cerebellar metabolic activity was observed in MSA-C relative to PD ( p ϭ 0.06), but no group difference was observed with respect to MSA-P ( p ϭ 1.0) and healthy control subjects ( p ϭ 0.19).
Clinical-metabolic relationships. Network-level correlations.
In the MSA group, increased MSARP expression correlated with greater clinical disability (r ϭ 0.57, p ϭ 0.001) as determined by higher UPDRS motor ratings ( figure 3A) . By contrast, in these patients, more severe clinical disability (i.e., higher UPDRS motor ratings) correlated with lower PDRP expression values (r ϭ Ϫ0.53, p ϭ 0.002). An inverse relationship was noted between MSARP and PDRP subject scores (r ϭ Ϫ0.44, p ϭ 0.01). Further analysis disclosed that MSARP and PDRP subject scores together accounted for 42% of the variability in motor disability ratings across the subjects with MSA ( p ϭ 0.0017, multiple linear regression). Each of the 2 disease patterns contributed to the predictive model (MSARP: p Ͻ 0.02; PDRP: p Ͻ 0.05) without interaction effect ( p ϭ 0.85). In the PD group, increased PDRP expression correlated (r ϭ 0.60, p ϭ 0.006) with greater clinical disability, i.e., higher UPDRS motor ratings ( figure  3B ). MSARP expression did not correlate with clinical disability in these patients (r ϭ 0.038, p ϭ 0.88). In this group, the correlation between UPDRS motor ratings and PDRP scores was not improved by including MSARP expression values in the regression model ( p ϭ 0.99, interaction effect).
Figure 3 Relationship between pattern expression and motor ratings
Region-level correlations. In the MSA group, increased UPDRS motor ratings correlated with reduced local metabolic activity in the lentiform nucleus (r ϭ Ϫ0.37, p ϭ 0.04) but not in the cerebellum (r ϭ Ϫ0.10, p ϭ 0.58). There was no correlation between regional measures and individual differences in symptom duration (lentiform: p ϭ 0.065; cerebellum: p ϭ 0.64).
DISCUSSION
In this study, we quantified the expression of 2 previously characterized disease-related metabolic patterns, the MSARP and PDRP, in a sizeable cohort of patients with MSA, and compared the resulting network values to those from a group of patients with PD with a similar degree of motor disability. As expected for an MSA biomarker, MSARP expression was elevated in patients diagnosed clinically with this disorder, while PDRP expression was normal in the same subjects. Analogously, the patients with PD were characterized by elevated PDRP expression and normal MSARP scores. The specificity of the group differences seen for the 2 networks, and their distinctive relationships with clinical disability ratings, underscores the "disease-relatedness" of the MSARP and PDRP as functional imaging biomarkers.
Natural history studies in MSA have found that the time from symptom onset to death varies widely between patients with MSA with survival ranging from 3 to 15 years. 18 By contrast, functional disability is closely associated with the severity of motor symptoms, 16 and standardized rating scales are currently being used to measure disease progression in MSA experimental trials. 19 -21 Given the variability inherent in such clinical descriptors, alternative quantifiers of disease severity/progression may enhance the accuracy and speed of experimental trials of new MSA therapies. In this study, cross-sectional analysis of the MSA cohort indicated that the expression of the corresponding disease-related pattern increased in patients with longer symptom duration and worse motor disability. Similarly, the 2 patients with MSA who underwent longitudinal imaging studies exhibited increasing MSARP expression over time, while PDRP expression fluctuated within the normal range. These data suggest the MSARP is likely to be a disease-specific and clinically sensitive biomarker of MSA progression. Nonetheless, a systematic longitudinal study of early-stage MSA is required prior to adopting this network as an outcome measure in clinical trials.
The subjects with MSA included in this study represent patients who initially presented to a movement disorders specialist with an uncertain parkinsonian diagnosis, including patients with early symptoms. Indeed, 30% of the patients with MSA had symptoms for 2 years or less at the time of imaging. Certainly, objective disease biomarkers are most valuable in patients who are early in the disease course, as this is the target population for inclusion into clinical trials. However, diagnostic accuracy can be challenging in such subjects. Therefore, we took several measures to verify the diagnosis of MSA in this cohort. Clinicopathologic studies suggest the sensitivity for initial clinical diagnosis in MSA is comparatively low (22%-56%). 22, 23 Nonetheless, after follow-up by a movement disorders specialist, the sensitivity for an MSA diagnosis is as high as 88%- 100%. 23, 24 For this reason, we included only patients who both met diagnostic criteria for MSA 23 on the last evaluation after PET and in whom the clinical diagnosis was confirmed by a movement disorders specialist after at least 6 months, with an average of 2.1 Ϯ 0.5 years of follow-up after PET. In addition, in 9% of the patients with MSA included in our cohort, the diagnosis was confirmed by postmortem examination, providing further diagnostic verification.
As previously reported, we found that MSA was associated with significant localized reductions in basal ganglia and cerebellar metabolic activity, which were not present in patients with PD. 13, 25 However, in contrast to the network-based MSARP measurements, these regional changes exhibited only a weak correlation with clinical motor ratings. While patients with MSA can have clinical parkinsonism without ataxia, and vice versa, data from a recent clinicopathologic study from 100 patients with MSA suggest that basal ganglia and cerebellar regional pathology do not exist in isolation. 26 Furthermore, although the putamen and cerebellum are key elements of the MSARP topography, this metabolic network includes significant contributions from other brain areas. 1 Thus, this spatial covariance pattern is likely to be more representative of the widespread neurodegenerative changes that underlie this disorder. We note that for our primary analysis, patients with MSA-P and MSA-C were analyzed together as one pathologic disease group. However, when these clinically defined subgroups were considered separately, only the patients with MSA-P exhibited significant reductions in putamen metabolism-and neither subgroup displayed significant metabolic reductions in the cerebellum. Indeed, despite the modest degree of regional change seen in these patients, both MSA subgroups exhibited substantial MSARP elevations compared to the PD and normal control groups. In aggregate, these observations are consistent with the notion that network biomarkers based on whole brain imaging data provide more robust descriptors of neurodegenerative processes than measurements derived from one or more isolated brain regions. 4 To evaluate the specificity of the relationships between these metabolic networks and disease severity, we correlated MSARP and PDRP subject scores with corresponding motor disability ratings obtained at the time of imaging. Indeed, the correlations between network expression and motor ratings were observed to be fundamentally different in the MSA and PD patient groups. In the MSA group, we noted a correlation with higher MSARP expression in patients with more severe motor dysfunc-tion. An analogous correlation was evident in the PD group, with greater expression of the relevant disease-related pattern (i.e., PDRP) in the more advanced patients. In keeping with the disease specificity of the MSARP, the expression of this pattern in patients with PD failed to correlate with individual motor ratings.
Interestingly, a significant clinical-network correlation was also observed in the MSA group, in which higher (more severe) motor ratings were associated with lower PDRP values. Of note, PDRP expression was normal in the MSA group and individual differences in the corresponding network values were relatively small. This is consistent with our observations in the 2 MSA patients with longitudinal imaging, in whom PDRP scores fluctuated within the normal range over the 4 -7 years of follow-up. By contrast, in the MSA group, concurrently measured MSARP scores were abnormally elevated and increased with worsening motor symptoms. In this vein, the magnitude of the slope of the line correlating clinical ratings with MSARP scores was twice that for the corresponding correlation with declining PDRP values.
Finally, we note that there was no interaction effect between the 2 sets of network values in their prediction of the clinical severity ratings. Thus, the distinct clinical-network correlations observed for the 2 patterns in the MSA cohort are unlikely to represent the divergent effects of disease on basal ganglia glucose metabolism. 13, 15 This point is supported by an exploratory analysis in which we prospectively measured MSARP and PDRP expression in the individual scan data following the removal of the putamen using an anatomically standardized volume of interest mask. 27 We found that the resulting pattern scores in the MSA group continued to correlate with the motor ratings (MSARP: r ϭ 0.42, p ϭ 0.02; PDRP: r ϭ Ϫ0.51, p ϭ 0.004). Similarly, a priori removal of the putamen from the PD scans did not substantially alter the clinical-network correlations observed in this group (PDRP: r ϭ 0.60, p ϭ 0.005; MSARP: r ϭ 0.10, p ϭ 0.69). An interesting possibility is that the correlation observed between decreased PDRP expression and increased motor ratings in patients with MSA is attributable to a predominance of nigral over striatal cell loss early in the disease process. While speculative, such an effect is consistent with the transient presence of a dopaminergic treatment response in some patients with early-stage MSA. 18 The findings we describe support the proposition that network analysis of rest-state metabolic imaging data can provide robust, useful biomarkers for the diagnosis and assessment of patients with neurodegenerative disorders. 3, 28 Nonetheless, longitudinal imaging studies in patients with early MSA will be necessary to confirm the relationship between pattern expression and disease progression, and to quantify the annual rate of network change in these subjects.
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